Abstract. Sixteen cesarean-derived, colostrum-deprived piglets were inoculated intranasally with porcine circovirus type 2 (PCV2), originally isolated from a pig affected with postweaning multisystemic wasting syndrome (PMWS). At 1 day postinoculation (PI), 3 of the 5 piglets in the uninoculated control group were moved to the room of inoculated piglets for contact exposure. Porcine circovirus type 2 was detected by polymerase chain reaction (PCR) in swabs from inoculated piglets from 1 day PI and from contact piglets from 2 days after cohabitation. Porcine circovirus type 2 was also detected in all serum samples but not in control piglets 7 days PI. Until the end of study, PCV2 was detected in swabs and serum samples by PCR but not in the control piglets. One inoculated piglet died suddenly without clinical signs 19 days PI. Beginning at 14 days PI, 5 piglets, including 1 contact piglet, had clinical signs of depression, anorexia, and icterus, and 1 inoculated piglet died 21 days PI. Most of the piglets exhibiting the above clinical signs became moribund and were necropsied 21 and 28 days PI. In the piglets that showed clinical signs, gross lesions, including icterus of liver and hemorrhage in stomach, and typical histopathological lesions of PMWS, such as lymphoid depletion and basophilic intracytoplasmic inclusion bodies in lymph nodes and other tissues, were observed. Porcine circovirus type 2 was detected by PCR in all tissue samples except in those of the control piglets. Porcine circovirus type 2 was recovered from several tissue samples of the piglets necropsied until 35 days PI. In particular, PCV2 was recovered in high titer from most of the tissue samples of the piglets exhibiting clinical signs. Serum antibody against PCV2 was mostly detected in inoculated piglets and in contact piglets 14 and 21 days PI by an indirect fluorescence antibody test but was not detected in the piglets exhibiting clinical signs until 28 days PI. These results indicate that PCV2 was able to induce clinical PMWS in the absence of other swine pathogens and that there were significant differences in both the quantitative PCV2 distribution in tissues and the antibody response between the piglets that were infected and developed PMWS and those that were infected but remained healthy.
Porcine circovirus (PCV) is a small, nonenveloped, single-stranded, circular deoxyribonucleic acid (DNA) virus and was originally described as a persistent contaminant of the continuous cell line PK-15. 34 Although several serological surveys of swine have shown that exposure to this, or to a related virus, is common in domestic swine, there is no conclusive evidence that PCV induces clinical disease in seropositive farms. 11, 18 In addition, experimental infection with PCV has been shown not to induce clinical disease and pathological changes in pigs, and thus PCV has not been associated with a specific disease in pigs. 3, 35 Recently, postweaning multisystemic wasting syndrome (PMWS) has been reported in pigs. This syndrome was first identified in western Canada, 16 and similar syndromes have been reported in North America, 1, 12, 22, 29 Europe, 6, 5, 33 and Asia. 9, 10, 30 The PCV associated with this syndrome From Zen-noh Institute of Animal Health, 7 Ohja-mach, Sakura, Chiba 285-0043, Japan.
is antigenically and genomically different from the PCV contaminant of PK-15 cells. The PCV in PK-15 cells is now referred to as PCV type 1 (PCV1) and the PCV associated with PMWS as PCV type 2 (PCV2). 5, 12, 15, 26, 28 In previous studies, cesarean-derived, colostrum-deprived (CDCD) piglets, 8, 31 specific pathogen-free weaned pigs, 25 and seronegative conventional pigs 7 have been experimentally inoculated with PCV2 alone. In these experimental inoculation studies, quantitative PCV2 distribution in tissues was not extensively attempted. The purpose of this study was to reproduce clinical PMWS and investigate quantitative PCV2 distribution in tissues of individual piglets with different clinical signs or symptoms.
Materials and methods
Piglets. Twenty-one CDCD piglets from 2 mixed-breed sows were used. The piglets were housed in environmentally controlled isolation facilities under negative pressure with filtered air and were fed a commercially available milk replace until 14 days of age.
Virus. The PCV2-01ZS isolate of PCV2 was used. This PCV2 isolate was originally obtained from a pig affected with PMWS. The virus was isolated from the lymph nodes of a pig affected with PMWS on PCV-free pig testis cell line, PSST. Two 14-day-old CDCD piglets were inoculated with the virus and then necropsied 21 days postinoculation (PI). Tissue samples were then collected. Virus was recovered from mandibular lymph nodes of the piglet and then subjected to 2 passages in PSST cell cultures. Infected cell culture monolayers were frozen and thawed, and a pool of virus was obtained. Polymerase chain reaction (PCR) results for the presence of PCV1, 14 porcine parvovirus (PPV), 27 and porcine reproductive and respiratory syndrome virus (PRRSV) 20 were negative in the pool of virus. The pool of virus was characterized as PCV2 by PCR 14 and by reactivity with PCV2-specific polyclonal antibodies 36 and was designated as strain PCV2-01ZS. The virus titer was determined by the growth of serial 10-fold dilutions in PCV2-free pig kidney cell lines, PPK3F cells, and by subsequent immunofluorescent labeling for viral antigen. 36 Experimental design. Twenty-one 14-day-old CDCD piglets were used in this study. Five piglets were maintained as uninoculated controls. The remaining 16 piglets were each inoculated intranasally with 1 ml of inoculum containing 10 35 median tissue culture infective dose (TCID 50 )/0.05 ml of PCV2-01ZS. The piglets in the control group were not treated. At 1 day PI, 3 of the 5 piglets in the uninoculated control group were moved to the room housing the inoculated piglets for contact exposure. Clinical signs and rectal temperatures were recorded daily, and body weights were recorded weekly. Blood samples were collected from all piglets on day 0 and every 7 days thereafter. Several aliquots of each blood sample were collected in commercial tubes containing ethylenediaminetetraacetic acid for hemogrammatic analysis, and the remaining blood was centrifuged to separate the serum. Nasal, tonsil, and rectal swabs were collected 1, 3, 5, and 7 days PI and every 7 days thereafter, and the swabs were placed in tubes containing 1 ml of phosphate-buffered saline (PBS). Serum and swabs were stored at Ϫ80 C until tested. Necropsies were scheduled 7, 21, 35, 49, and 70 days PI, and dead and euthanized moribund piglets were necropsied immediately. At necropsy, gross lesions were recorded, and samples of several tissues, including lymph nodes, lung, liver, spleen, thymus, and tonsil, were collected and stored at Ϫ80 C until tested.
PCR for PCV2 detection. Detection of PCV2 in nasal, tonsil, and rectal swabs and in serum and tissue samples were attempted by PCR. Deoxyribonucleic acid for PCR was prepared using a commercial kit, a according to the manufacturer's instructions. Swabs placed in 1 ml of PBS were mixed by vortex, and 0.1 ml of the resulting suspension was used for DNA isolation. Deoxyribonucleic acid was also extracted from 0.1 ml of serum samples and clarified from 10% homogenates of tissue samples in minimal essential medium containing 5% fetal bovine serum. Deoxyribonucleic acid was collected in 50 l of TE buffer, and PCR was performed as described previously. 14 Virus isolation and titration. Virus isolation was attempted from the heart, lung, pulmonary lymph nodes, liver, spleen, kidney, small intestine, mesenteric lymph nodes, thymus, mandibular lymph nodes, tonsils, and brain. For virus isolation, 10% homogenates of tissues were clarified by centrifugation at 1,000 ϫ g for 20 min, and 50 l of serial 10-fold dilutions of supernatants was inoculated onto PPK3F cells grown in 96-well tissue culture plates. After 4 hr at 37 C, the inoculum was removed and replaced with 50 l of Hanks balanced salt solution containing 300 mM D-glucosamine. After a second incubation for 30 min at 37 C, the solutions containing D-glucosamine were washed and replaced with 0.1 ml of fresh medium with 5% fetal bovine serum. Monolayers of cells were incubated for 3 days and then fixed in cold 80% aqueous acetone. Because no visual cytopathic effect was expected, PCV2 antigen was detected in fixed monolayers of cells by an indirect fluorescence antibody (IFA) assay using PCV2-specific porcine polyclonal serum and fluorescein isothiocyanate (FITC)-conjugated staphylococcus protein-A. b, 36 The viral titer was determined and expressed as TCID 50 . Serology. Serum samples were examined by IFA to detect antibody against PCV2. 36 To detect antibody against PCV2, acetone-fixed PCV2-infected PPK3F cell monolayers were used. For the IFA test, serum samples were serially diluted 2-fold in PBS from 1:20 to 1:2,560. Each diluted sample was added to the cell monolayers. The antigen-serum mixtures were incubated for 1 hr at 37 C and then rinsed 3 times with PBS. The antigen-antibody reaction was visualized by staining the cells with FITC-conjugated staphylococcus protein-A. b Antibody titers for individual samples were determined as the highest dilutions in which specific fluorescence staining was observed. Antibodies against PPV and PRRSV were examined by hemagglutination inhibition test and enzyme-linked immunosorbent assay, respectively.
Histopathology. For histopathology, samples of mandibular, pulmonary, and mesenteric lymph nodes, heart, liver, spleen, thymus, kidney, pancreas, stomach, tonsils, small and large intestine, and brain were collected and fixed in 10% buffered formalin. All tissue samples were then embedded in paraffin, sectioned, and stained with hematoxylin and eosin (HE) for light microscopic examination.
Hematology. White blood cell count, red blood cell count, and hematocrit were obtained using an automated cell counter. c The differential white blood cell count was obtained by identification of 100 cells in a blood smear using light microscopy.
Statistical analysis. The mean body weight, the means of total white blood cell count, red blood cell count, and hematocrit, and the differential white blood cell count were analyzed by Student's t-test. Values of P Ͻ 0.05 were considered to indicate statistical significance.
Results

Clinical signs, rectal temperature, and body weight.
One inoculated piglet (pig no. 5) died suddenly without clinical signs 19 days PI. Beginning at 14 days PI, 5 piglets, including 1 contact piglet (pig no. 17), had clinical signs of depression, anorexia, and icterus, and 1 inoculated piglet (pig no. 6) died 21 days PI. Piglet no. 17 became moribund, vomited blood, and was euthanized and necropsied 28 days PI. All other inoculated piglets, contact piglets, and control piglets did not exhibit clinical signs and appeared healthy throughout the experiment. The mean rectal temperatures of the 2 control and 3 contact piglets ranged between 38.5 and 40.0 C and those of the inoculated piglets rose above 40 C twice during the experiment. On the other hand, the mean rectal temperatures of the 5 piglets that had clinical signs rose above 40.0 C 13 times during the period from 12 to 35 days PI. The inoculated piglets and contact piglets, and especially the piglets that had clinical signs, gained less weight than did the control piglets (Fig. 1) . In the mean body weight, significant differences (P Ͻ 0.05) were found between control piglets (7.75 Ϯ 1.77 kg) and piglets that had clinical signs (5.36 Ϯ 1.14 kg) on day 21 PI.
Gross lesions. The skin and serum of the piglets exhibiting clinical signs became icteric beginning 14 days PI. In addition, the serum collected 14 days PI from the piglet that died suddenly without clinical signs 19 days PI was also icteric. The mandibular, pulmonary, and mesenteric lymph nodes were moderately enlarged in 4 inoculated piglets that were necropsied 7 days PI. The livers of 3 piglets that had clinical signs and were necropsied 21 days PI were atrophied and severely icteric. However, no gross lesions were observed in the remaining piglet that did not have any clinical signs and was necropsied 21 days PI. In addition to gross lesions in the liver, 1 piglet that vomited blood and was necropsied 28 days PI had blood clots in the stomach. None of the other piglets necropsied 35, 49, and 70 days PI developed any gross lesions. Because of postmortem changes, the gross lesions of the piglet that died suddenly 19 days PI could not be assessed.
PCV2 detection by PCR. Porcine circovirus type 2 was detected by PCR in nasal, tonsil, and rectal swabs of inoculated piglets from 1 to 70 days PI and in those of contact piglets from 2 days after cohabitation to 70 days PI. Porcine circovirus type 2 was detected in all the serum samples that were collected weekly except in those of control piglets. Among the samples, nasal, tonsil, and rectal swabs, and serum, there were not significant differences in sensitivity of detected PCV2 by PCR (data not shown). Porcine circovirus type 2 was detected in all tissue samples examined except in those of the piglets in the control group. Porcine circovirus type 2 was not detected in any samples from control piglets at any time during the experiment.
Virus isolation and titration. Porcine circovirus type 2 was recovered from several tissues of the piglets necropsied on days 7-35 PI (Table 1 ). In the 4 inoculated piglets necropsied 7 days PI, PCV2 was recovered from the lymph nodes, lung, small intestine, spleen, and tonsils and was especially recovered in high titer from the mandibular and pulmonary lymph nodes and tonsils. From the piglet that died suddenly 19 days PI without clinical signs, PCV2 was recovered in high titer not only from lymphoid tissues such as the lymph nodes, spleen, and tonsils but also from other organs such as the lung, liver, and small intestine. Results similar to those for the piglet that died 19 days PI were obtained for the 3 piglets that had clinical signs and were necropsied 21 days PI and for the single piglet that had clinical signs and was necropsied 28 days PI. Porcine circovirus type 2 was recovered in high titer from most of the tissue samples of 3 piglets that had clinical signs and were necropsied 21 days PI. However, a negligible amount of PCV2 was recovered from 1 piglet (pig no. 9) that was inoculated but did not exhibit any clinical signs and that was necropsied 21 days PI. Porcine circovirus type 2 was recovered from 2 of the 4 piglets necropsied 35 days PI. From 1 of the 2 piglets (pig no. 18) that did not have clinical signs, PCV2 was recovered from the mandibular lymph nodes only. On the other hand, from the other piglet (pig no. 11) that had clinical signs, PCV2 was recovered from several tissues, i.e., the lung, pulmonary and mesenteric lymph nodes, liver, kidney, thymus, and tonsils. No PCV2 was recovered from the piglets that were necropsied 49 and 70 days PI, including 2 control piglets.
Serology. All piglets were seronegative for PCV2 on day 0 PI. Serum antibody against PCV2 was mostly detected in inoculated and contact piglets 14 and 21 days PI by IFA test, and titers in these piglets remained positive (Ն1:20) until the day of necropsy (Table 2) . However, antibody against PCV2 was not detected in the piglets that had clinical signs until 28 days PI; moreover, 1 of these piglets was still seronegative 28 days PI. The piglets in the control group remained seronegative against PCV2 throughout the experiment. 
* PCV2 ϭ porcine circovirus type 2; PI ϭ postinoculation; PLN, pulmonary lymph node; SI, small intestine; MeLN; mesenteric lymph node; MLN, mandibular lymph node; TCID 50 ϭ median tissue culture infective dose.
† Clinical signs of depression, anorexia, and icterus: ϩ ϭ observed, Ϫ ϭ not observed. ‡ Dead piglet. All serum samples collected from all piglets at necropsy were seronegative against PPV and PRRSV.
Histopathology. Histologic lesions in the tissues collected 7 days PI were characterized by mild interstitial pneumonia, dilation of lymphatic sinuses in the lymph nodes, and edema of intestine or mesentery (or both). Lymphocyte depletion (Fig. 2) and single cell necrosis of hepatocytes were observed in all the 4 piglets necropsied 21 days PI. Moreover, multiple, basophilic intracytoplasmic inclusion bodies were often observed in the lymph nodes, tonsils, and spleen and in several other tissues of 3 piglets that had clinical signs and were necropsied 21 days PI (Fig. 3) . Similar histologic lesions were observed in the liver (Fig. 4) of the piglet necropsied 28 days PI, along with erosions in the esophagus and stomach. There were no characteristic histologic lesions in the tissues of the piglets necropsied 35, 49, and 70 days PI; however, some piglets had mild histologic lesions, such as lymphocyte infiltration, in several tissues. There were no histologic lesions in control piglets.
Hematology. There were no significant differences in total white blood cell count, total red blood cell count, or hematocrit among the inoculated piglets, contact piglets, and untreated control piglets. However, the means of lymphocyte count of inoculated piglets were lower than that of control piglets until 14 days PI, and differences between inoculated piglets (27.4 Ϯ 12.0 ϫ 10 2 /l) and control piglets (54.7 Ϯ 4.6 ϫ 10 2 / l) were significant (P Ͻ 0.01) 14 days PI. Moreover, the means of lymphocyte count of the piglets that had clinical signs were lower than that of control piglets until 35 days PI, and differences between the piglets that had clinical signs (20.7 Ϯ 13.6 ϫ 10 2 /l) and control piglets (54.7 Ϯ 4.6 ϫ 10 2 /l) were significant (P Ͻ 0.01) 14 days PI, and differences between the piglets that had clinical signs (12.2 Ϯ 9.5 ϫ 10 2 /l) and control piglets (36.1 Ϯ 4.6 ϫ 10 2 /l) were significant (P Ͻ 0.05) 28 days PI.
Discussion
Clinical signs of fever, depression, and anorexia, gross lesions such as icterus, and histological lesions such as basophilic intracytoplasmic inclusion bodies, lymphocyte depletion, and hepatocellular necrosis were observed in 4 of the 16 piglets inoculated with PCV2 and in 1 of the 3 contact piglets in this experiment. The clinical signs and gross and histological lesions have also been observed in field cases of PMWS and in studies in which pigs were experimentally infected with PCV2 or tissue homogenates, including PCV2. 1, 7, 8, 25, 24, 31 However, not all the clinical signs or gross and histological lesions that were reported in these previous reports were observed in this study. Lesions in the respiratory track, such as interstitial pneumonia, interstitial pulmonary edema, and lymphadenopathy, have been frequently observed in field cases of PMWS 1, 20 and in pigs experimentally coinfected with PCV2 and PPV 2, 13, 19 or PRRSV. 4, 17 In this study, however, these lesions were so mild that no clinical respiratory disease was observed. A previous study on experimental infection of CDCD pigs with PCV2 alone 8 also reported that inoculated pigs had multifocal and mild interstitial pneumonia. These results may suggest that the severe pulmonary lesions observed in field cases were caused by other factors, such as coinfection with bacteria or virus (or both). On the other hand, severe cutaneous and hepatic icterus, which are the characteristic gross lesions reported in this study, were also observed in several previous reports of PMWS field cases 1, 20, 32 and experimental infections with PCV2 alone. 8 These results indicate that icterus is 1 of the important signs of PMWS.
In this study, PMWS was reproduced in 4 piglets inoculated with PCV2 and in 1 contact piglet. However, the remaining 11 inoculated piglets and 2 contact pig-lets had no clinical signs of PMWS and appeared healthy throughout the experiment, despite the fact that PCR revealed PCV2 in their serum and swabs and in all their tissue samples. Compared with the piglets that had no clinical signs, 2 different and notable results were obtained from the piglets that had clinical signs. First, PCV2 was recovered not only from lymphoid tissues, i.e., the lymph nodes, spleen, and tonsils, but also from the other organs such as lung, liver, and small intestine. Moreover, virus titer recovered from these tissues and organs were higher. From 1 piglet that was necropsied 21 days PI and did not have any clinical signs, PCV2 was recovered from several tissue samples in lower titer. In contrast, from 3 piglets that had clinical signs and were necropsied 21 days PI, PCV2 was recovered from most of the tissue samples in higher titer. From 3 piglets that were necropsied 35 days PI and did not have clinical signs, the titer of PCV2 was negligible. On the other hand, from 1 piglet that had clinical signs and was necropsied 35 days PI, PCV2 was still recovered from several tissues. The same results were obtained for the piglet that had clinical signs and was necropsied 28 days PI. These findings may suggest that when PCV2 actively multiplied not only in the lymph nodes or lymphoid tissues (or both) but also in the other organs, i.e., the lung, liver, small intestine, and kidney, PCV2 induced PMWS. On the other hand, when PCV2 multiplied only in the lymph nodes and/or lymphoid tissues, the piglets appeared healthy although PCV2 was detectable by PCR. According to this hypothesis, it may be worthy of note that high titer PCV2 was recovered from most of the tissues of the piglet that died 19 days PI without clinical signs. A previous study 23 reported that the PCV2 DNA levels in the serum of piglets affected with PMWS were significantly higher than those of clinically healthy piglets. This previous report and the result of this study indicate that there is an important relationship between significant PCV2 multiplication and PMWS.
Second, the antibody response against PCV2 infection was observed 14 and 21 days PI in the piglets that did not have clinical signs; however, the response was not observed until 28 days PI in the piglets that had clinical signs. In previous studies, PCV2 antibody in serum was first detected 13 or 14 days PI. 7, 25, 31 However, 1 previous study reported that PCV2 antibody was not detected 20-24 days PI in pigs that had fever and became depressed. 8 In this study, the reason why PCV2 antibody was not detected until 28 days PI in the piglets that had clinical signs is not clear; however, it may be just caused by the debilitation of these piglets or it may associate with the result that the means of lymphocyte count of inoculated piglets and piglets that had clinical signs were lower than those of control piglets until 14 and 35 days PI, respectively. Detection of PCV2 was attempted from nasal, tonsil, and rectal swabs and from serum and tissue samples by PCR. Porcine circovirus type 2 was detected in swabs from inoculated piglets 1 day PI and from contact piglets 2 days after cohabitation. In addition, detection of PCV2 in swabs and in serum and tissue samples by PCR was successful until 70 days PI. Porcine circovirus type 2 was not detected by PCR in any samples from control piglets and negative control used to prevent false-positive results attributable to contaminant DNA. These results indicate that contact infection or horizontal transmission of PCV2 from inoculated piglets to uninoculated piglets occurred immediately and that the resulting infection was persistent, lasting for at least 70 days PI. The detection of PCV2 by PCR in swabs 70 days PI may suggest that piglets with persistent infection of PCV2 were important as a source of infection for uninfected piglets. However, despite the fact that PCV2 was detected by PCR, PCV2 was not recovered from tissue samples of 2 of the 4 inoculated piglets 35 days PI or from any of the piglets examined thereafter. The reason may be as follows. In comparison with PCR, the sensitivity of PCV2 isolation or detection determined by IFA is considerably lower. A previous study 21 reported that the detection limit of PCV2 for PCR using DNA extracted from semen of experimental inoculated pig was 1,000-fold lower than detection limit for virus infectivity in cell culture as determined by IFA. In addition, in spite of humoral immune response from 14 or 21 days PI, PCV2 persisted in tissues. Therefore, it was not clear whether the PCV2 detected by PCR 49 and 70 days PI was infectious or not. This study demonstrated that PCV2 could induce clinical PMWS in piglets in the absence of other swine pathogens; however, there were notable difference in the quantitative PCV2 distribution in tissues and in the antibody response between the piglets that were infected and developed clinical disease and those that were infected but remained healthy. Further studies will be needed to investigate the mechanism by which PCV2 replication in piglets is enhanced or suppressed because significant multiplication of PCV2 in piglets appear to be a trigger of clinical PMWS.
